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For a long time, protein transport into the extracellular space was believed to strictly depend on signal peptide-mediated translocation into the lumen of the endoplasmic reticulum. More recently, this view has been challenged, and the molecular mechanisms of unconventional secretory processes are beginning to emerge. Here, we focus on unconventional secretion of fibroblast growth factor 2 (FGF2), a secretory mechanism that is based upon direct protein translocation across plasma membranes. Through a combination of genome-wide RNAi screening approaches and biochemical reconstitution experiments, the basic machinery of FGF2 secretion was identified and validated. This includes the integral membrane protein ATP1A1, the phosphoinositide phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ), and Tec kinase, as well as membrane-proximal heparan sulfate proteoglycans on cell surfaces. Hallmarks of unconventional secretion of FGF2 are: (i) sequential molecular interactions with the inner leaflet along with Tec kinase-dependent tyrosine phosphorylation of FGF2, (ii) PI(4,5)P 2 -dependent oligomerization and membrane pore formation, and (iii) extracellular trapping of FGF2 mediated by heparan sulfate proteoglycans on cell surfaces. Here, we discuss new developments regarding this process including the mechanism of FGF2 oligomerization during membrane pore formation, the functional role of ATP1A1 in FGF2 secretion, and the possibility that other proteins secreted by unconventional means make use of a similar mechanism to reach the extracellular space. Furthermore, given the prominent role of extracellular FGF2 in tumorinduced angiogenesis, we will discuss possibilities to develop highly specific inhibitors of FGF2 secretion, a novel approach that may yield lead compounds with a high potential to develop into anticancer drugs.
ER/Golgi-dependent versus Unconventional Protein Secretion
For many years, it has been a dogma in molecular cell biology that, in mammalian cells, transport of proteins into the extracellular space depends on signal peptide-mediated transloca-tion into the endoplasmic reticulum (ER) 2 (1) . Then, transport of secretory proteins occurs through vesicular intermediates that travel via the Golgi apparatus to the cell surface. Upon membrane fusion of post-Golgi transport vesicles with the plasma membrane, secretory proteins are dispatched into the extracellular space (2, 3) . However, with the identification of extracellular growth factors and cytokines that lack signal peptides, such as fibroblast growth factor 2 (FGF2) and interleukin 1␤ (IL-1␤), it became clear that protein secretion from mammalian cells is mechanistically more diverse than previously assumed (4 -9) . In terms of molecular mechanisms, two major types of ER/Golgi-independent secretion of soluble cargoes have been identified: (i) secretion by direct translocation across the plasma membrane (with FGF2 being a classical example (8, 10, 11) ) and (ii) secretion through vesicular intermediates such as autophagosomes or exosomes derived from multivesicular bodies (with IL-1␤ being an example (4, 7, 9) ). In this review, we will focus on the pathway of unconventional secretion of FGF2. This secretory mechanism is based upon direct protein translocation across plasma membranes. It appears to represent an ancient mechanism that ensures secretion of proteins whose functionality could not be maintained when passing through the ER/Golgi system, for example by inactivation through O-glycosylation (12) . Both cellular components and cis elements within FGF2 required for unconventional secretion have been identified, shedding light on the molecular mechanism by which FGF2 is secreted from mammalian cells.
The Unconventional Secretory Pathway of FGF2
As illustrated in Fig. 1 , unconventional secretion of FGF2 from cells is based upon direct translocation across plasma membranes (11, 13, 14) . However, as opposed to other mechanisms of protein translocation across membranes (15, 16) , FGF2 translocation into the extracellular space does not rely on a conventional protein-conducting channel translocating cargoes in an unfolded state. Rather, FGF2 membrane translocation is based upon the ability of FGF2 oligomers to form membrane pores in the plasma membrane (11, 17) . This process is initiated by FGF2 recruitment to the inner leaflet mediated by the phosphoinositide PI(4,5)P 2 (13, 18, 19) . As a result, FGF2 undergoes oligomerization that, in turn, causes membrane insertion and the formation of membrane pores (11, 17) . Recently, two cysteine residues on the molecular surface of FGF2 have been demonstrated to be critical for PI(4,5)P 2 -dependent oligomerization of FGF2 at membrane surfaces (20) . They are required for the formation of intermolecular disulfide bridges that drive FGF2 oligomerization and membrane pore formation. Intriguingly, these cysteine residues are uniquely present in FGF2, i.e. they are absent from all FGF family members carrying signal peptides for ER/Golgi-dependent secretion. This observation suggests a specific role in unconven-* This work was supported by the German Research Council (DFG-SFB 638, DFG-SFB/TRR 83, DFG Ni 423/6-1 and DFG-GRK1188) and the AID-NET program of the Federal Ministry for Education and Research of Germany, as well as the DFG Cluster of Excellence, CellNetworks. The authors declare that they have no conflicts of interest with the contents of this article. 1 To whom correspondence should be addressed. E-mail: walter.
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tional secretion. Indeed, FGF2 variants lacking these surface cysteines are not secreted from cells with a phenotype being even stronger than what has previously been observed for FGF2 mutants that are deficient in binding to PI(4,5)P 2 (18, 20) . As discussed above, the direct consequence of PI(4,5)P 2 -induced oligomerization of FGF2 is the formation of lipidic pores in plasma membranes, the key event in unconventional secretion of FGF2 (11, 13, 17, 20) . The structure of FGF2-induced membrane pores has been proposed to be characterized by a toroidal architecture with the FGF2 oligomer in the center and the PI(4,5)P 2 binding sites being localized in the periphery (11, 17) . This conclusion was drawn from the observation that, upon FGF2 oligomerization and membrane pore formation, both membrane passage of small fluorescent tracer molecules and transbilayer diffusion of membrane lipids could be observed (11, 17) . In support of this, diacylglycerol, a coneshaped lipid that interferes with membrane curvature stabilized by PI(4,5)P 2 , was found to inhibit membrane pore formation by FGF2 oligomers (11, 17) . Based upon these findings, the role of PI(4,5)P 2 in unconventional secretion of FGF2 is likely to be three-fold: (i) recruitment of FGF2 at the plasma membrane, (ii) orienting FGF2 molecules at the inner leaflet favoring oligomerization, and (iii) stabilizing local curvature to allow for the formation of a membrane pore with a toroidal structure.
What Is the Precise Role of Membrane-inserted FGF2 Oligomers in FGF2 Membrane Translocation and How Do Cell Surface Heparan Sulfates Function in FGF2 Secretion?
There are two principal possibilities of how membrane-inserted FGF2 oligomers could promote FGF2 membrane trans-location ( Fig. 2) . One view is that FGF2 oligomers may insert into membranes only transiently followed by disassembly and release to the extracellular side ( Fig. 2 ; "assembly/disassembly" model). This model has been discussed previously (11) and proposes membrane-inserted oligomers of FGF2 to be intermediate forms of the monomeric FGF2 cargo that is found on cell surfaces. Alternatively, FGF2 oligomers may form stable but highly dynamic membrane pores that can occur in open and closed states ( Fig. 2 ; "translocon" model). Here, the role of the oligomer would be to act as a highly specific translocon mediating physical passage of FGF2 monomers across plasma membranes. Although not fully conclusive at this point, this model is supported by the recently observed tight association of FGF2 oligomers with membranes (21) . The "translocon" model also eliminates the need of conversion of disulfide-linked FGF2 oligomers into monomers on the surface of plasma membranes, a process that would be difficult to explain considering the oxidative environment of the extracellular space. However, both models are consistent with the previously established role of membrane-proximal heparan sulfate proteoglycans on cell surfaces that form an extracellular trap required for FGF2 translocation (5, 6, 11, 13, 22) . FGF2 firmly binds to heparan sulfates and, therefore, it is not released into cellular supernatants but rather remains associated with cell surfaces (23, 24) . However, FGF2 undergoes intercellular spreading by direct cell-cell contacts (25) . Thus, during the lifetime of a FGF2 molecule, the role of heparan sulfate proteoglycans is three-fold: (i) mediating the final step of FGF2 secretion (22, 25) , (ii) protection of FGF2 on cell surfaces against degradation (26) , and (iii) mediating FGF2 signaling as part of a ternary complex containing FGF2, hepa- ran sulfates, and FGF high affinity receptors (27, 28) . Based upon sequential interactions of FGF2 with PI(4,5)P 2 at the inner leaflet and heparan sulfates on cell surfaces, the proposed mechanisms of FGF2 membrane translocation (Fig. 2) both offer a molecular basis for directionality of FGF2 transport into the extracellular space. Furthermore, both models are consistent with previous studies demonstrating FGF2 membrane translocation in a fully folded state (29, 30) as they require the formation of defined oligomers during membrane pore formation. In addition, molecular interactions of FGF2 with both PI(4,5)P 2 and heparan sulfates depend on proper folding of FGF2 (30) . Because FGF2 membrane translocation occurs at the level of plasma membranes, these findings suggest an intrinsic quality control mechanism that limits unconventional secretion to fully folded and therefore functional forms of FGF2 (30) .
The Role of Tec Kinase in Unconventional Secretion of FGF2
The role of membrane pores is further emphasized by the observation that Tec kinase, a non-receptor tyrosine kinase that has previously been described in the context of immune cell development and activation (31) , is a regulatory factor of FGF2 secretion (Fig. 1) . The role of Tec kinase in FGF2 secretion was initially recognized through a genome-wide RNAi screen designed to identify factors involved in this process (10, 32) . Tec kinase was shown to phosphorylate FGF2, a process that facilitates the formation of membrane pores by FGF2 oligomers (13, 17) . The role of Tec kinase-mediated tyrosine phosphorylation in FGF2 secretion from cells was further corroborated by demonstrating Tec kinase-independent secretion of phosphomimetic variant forms of FGF2 (32) . Tec kinase contains a pleckstrin homology domain (PH domain) that mediates PI(3,4,5)P 3 -dependent membrane recruitment. Following activation of various kinds of receptors, PI(3,4,5)P 3 levels increase, which, in turn, causes recruitment of Tec kinase to the inner leaflet. Tec kinase then becomes phosphorylated by plasma membrane-resident Src kinases or by autophosphorylation within its activation loop resulting in enzymatic activation (33) . In its activated state, Tec kinase phosphorylates target proteins (34) . Therefore, FGF2 phosphorylation is likely to occur at the inner leaflet of the plasma membrane (13) . As FGF2 is a key signaling molecule in the context of many cancers, Tec kinaseregulated secretion of FGF2 represents an interesting link to the up-regulation of PI 3-kinases in many tumor cells (35) . PI 3-kinases catalyze the formation of PI(3,4,5)P 3 , and high cellular levels of this phosphoinositide are likely to support efficient secretion of FGF2, which, in turn, promotes tumor cell proliferation.
ATP1A1, a New Component of the Unconventional Machinery Mediating FGF2 Secretion from Cells
As discussed above, a key approach in the identification of molecular components involved in FGF2 secretion has been a genome-wide RNAi screen that led to the identification of Tec kinase as a regulatory component of FGF2 secretion (13, 32) . In addition to Tec kinase, this screen also revealed ATP1A1 as a gene product whose down-regulation causes a substantial drop in FGF2 secretion efficiency (36) . ATP1A1 is the ␣1-chain of the Na/K-ATPase that is composed of a hetero-oligomer made from two ␣-chains and two ␤-chains. Both ␣-chains and ␤-chains come in four isoforms (ATP1A1-4; ATP1B1-4) that are differentially expressed in different types of cells and tissues (37) . The ␣ 2 /␤ 2 hetero-oligomeric configuration is essential to form a functional Na/K-ATPase required for generating the electrochemical potential associated with the plasma membrane of mammalian cells (37) . Intriguingly, down-regulation of ATP1B1 and ATP1B3 chains (the principal forms of ␤-chains expressed in HeLa cells) did not cause inhibition of FGF2 secretion, suggesting that it is not the fully assembled form of the Na/K-ATPase that is required for FGF2 secretion (36) . In support of this idea, unassembled forms of ATP1A1 have indeed been proposed to exist in the plasma membrane based upon calculations of distinct turnover times of ␣-chains versus FIGURE 2. Alternative models for FGF2 membrane translocation: the "assembly/disassembly" model versus the "translocon" model. The exact role of membrane-inserted FGF2 oligomers as intermediates in FGF2 membrane translocation is not fully understood. Two principal mechanisms have been postulated, the "assembly/disassembly" model and the "translocon" model. (38) . The described findings are further consistent with earlier observations from other laboratories reporting inhibition of FGF2 secretion in the presence of ouabain, an inhibitor of the Na/K-ATPase (23, 39, 40) . Intriguingly, these studies revealed that reagents compromising the membrane potential generated by the Na/K-ATPase do not inhibit FGF2 secretion (40) . This suggests that the classical function of the fully assembled Na/K-ATPase is not required and, therefore, these studies support the idea of a role of ATP1A1 in FGF2 secretion based on its unassembled form.
␤-chains
Initial insight into the mechanism by which ATP1A1 participates in unconventional secretion of FGF2 was obtained, demonstrating a direct interaction between the cytoplasmic domain of ATP1A1 and FGF2 (36) . Using purified recombinant components, a specific interaction with sub-micromolar affinity was determined. In addition, direct evidence for an interaction between endogenous ATP1A1 and FGF2 in cells was provided, employing the Duo-Link in situ proximity assay (36) . Intriguingly, we recently found that in-cell interactions between the cytoplasmic domain of ATP1A1 and FGF2 are inhibited in the presence of ouabain. 3 These findings provide a straightforward explanation for the inhibition of FGF2 secretion both in the presence of ouabain (23, 39, 40) and after down-regulation of ATP1A1 (36), suggesting a requirement for an interaction between ATP1A1 and FGF2 at the inner leaflet of plasma membranes. Thus, as illustrated in Fig. 1 , a number of components of the molecular machinery required for FGF2 secretion have been identified, all of which are either permanently or transiently (Tec kinase following cellular activation) in physical association with the plasma membrane. At the inner leaflet, FGF2 interacts with at least three components, ATP1A1, PI(4,5)P 2 , and Tec kinase. As indicated by dashed arrows in Fig.  1 , the sequence of these interactions is not fully established, especially with regard to the point of action of ATP1A1. However, based upon our current knowledge, the scheme shown in Fig. 1 is plausible with ATP1A1 acting as an initial contact at the inner leaflet. Following handover to PI(4,5)P 2 along with Tec kinase-mediated phosphorylation of FGF2, membrane pore formation is initiated ( Fig. 1) . Irrespective of the precise sequence of events, the combined findings discussed here establish the plasma membrane as the subcellular site of FGF2 membrane translocation.
Are There Other Unconventionally Secreted Proteins That Form PI(4,5)P 2 -dependent Membrane Pores?
Recently, evidence was obtained suggesting that the molecular mechanism by which FGF2 is secreted from cells is also used by other proteins. Like FGF2, the HIV-1 transactivator of transcription (HIV-Tat) is an unconventionally secreted protein lacking a signal peptide (41) . HIV-Tat is a small protein of 86 -101 amino acids that is synthesized in very early steps of viral infection. HIV-Tat is a regulatory protein that is involved in viral gene expression by enhancing transcriptional rates and, therefore, is crucial for viral viability (42, 43) . In addition to these classical functions, HIV-Tat is secreted from infected cells followed by uptake by non-infected cells (41, 44 -46) . An extracellular localization of HIV-Tat is also evident from studies demonstrating substantial levels of HIV-Tat in the serum of patients diseased with AIDS (47, 48) . Despite the lack of a signal peptide, secretion of HIV-Tat was shown to occur independent of cell damage and, therefore, HIV-Tat was classified as a protein secreted by unconventional means (5, 8, 11, 41, 49 -51) . Extracellular HIV-Tat is supposed to be essential for viral spread and plays an important role in AIDS pathogenesis by modulating the immune response (49 -51) . Recent studies indicate that vaccination with anti-Tat antibodies slows down AIDS progression and may restore immune functions (52) (53) (54) . Intriguingly, HIV-Tat has previously been demonstrated to exit infected T cells in a PI(4,5)P 2 -dependent manner (41, 55, 56) .
Using reconstitution experiments, it has now been shown that HIV-Tat has properties similar to FGF2. These properties include PI(4,5)P 2 -dependent membrane binding, oligomerization, and membrane pore formation (21) . Also, HIV-Tat has been demonstrated to bind to heparan sulfate proteoglycans (44) that may play a similar role in HIV-Tat secretion when compared with what is known for FGF2 (22, 25) . These findings point at a general mechanism by which at least one sub-group of proteins lacking signal peptides are secreted from mammalian cells based upon PI(4,5)P 2 -dependent pore formation in the plasma membrane.
Outlook
As outlined above, the molecular mechanism explaining how proteins without signal peptides such as FGF2 can be secreted from cells is beginning to emerge. Beyond the intriguing capability of FGF2 to physically traverse plasma membranes utilizing a previously unknown mechanism of protein translocation across membranes, these insights lead to new strategies in drug development for cancer therapy. With attempts to use inhibitors of FGF receptor tyrosine kinases in cancer therapy turning out to be challenging (57), it appears highly attractive to develop inhibitors that block FGF2 secretion from tumor cells. This approach is likely to yield highly specific lead compounds as transport of the vast majority of secretory proteins does rely on a different mechanism, the ER/Golgi-dependent pathway. Based upon the schematic shown in Fig. 1 , obvious targets for lead compound development are interactions of FGF2 with machinery components at the inner leaflet, i.e. PI(4,5)P 2 , Tec kinase, and ATP1A1. Furthermore, it appears promising to develop inhibitors that prevent PI(4,5)P 2 -dependent oligomerization of FGF2. Such compounds would have the potential to block the formation of FGF2-induced membrane pores, the key intermediates in unconventional secretion of FGF2. With such inhibitors at hand, a new class of drugs targeting tumor-induced angiogenesis may become available. In addition, such drugs might have the potential to target the role of FGF2 as a survival factor of tumor cells, a process that depends on an autocrine FGF2 secretion/signaling loop and causes a block of tumor cell apoptosis (58) .
